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INTRODUCTION 

Recent te lemetry developments a t  Ames  Research Center have 
been concerned with applying te lemetry t o  f r e e - f l y i n g  models i n  
hypersonic tunne l s .  A previous r e p o r t  has descr ibed miniature  
u n i t s  f o r  te lemeter ing p res su re  or heat  - t r a n s f e r  d a t a  ( s e e  
r e f .  1). 
opments a t  Ames  f o r  te lemeter ing a c c e l e r a t i o n s  due t o  drag and 
p i t c h i n g  mot ion.  

The purpose of t h i s  paper i s  t o  r e p o r t  f u r t h e r  devel-  

The t e l eme t ry  system i s  described with p a r t i c u l a r  emphasis 
on t h e  design of t h e  accelerometer. The r e s u l t s  of prel iminary 
t e s t s  t o  measure drag and p i t ch ing  motions of cones i n  f ree  
f l i g h t  are presented and examined t o  assess t h e  usefulness  of 
t h e  technique. 
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NOTAT ION 

a c c e l e r a t i o n  

capaci tance 

aerodynamic drag c o e f f i c i e n t  

rate of change of aerodynamic pitching-moment c o e f f i c i e n t  
with angle of a t t a c k  

aerodynamic drag f o r c e  

frequency 

a c c e l e r a t i o n  due t o  g rav i ty  

t o t a l  enthalpy 

free-s t ream Mach number 

tunne l  r e s e r v o i r  p re s su re  

f ree-s t ream dynamic pressure 

cone base area 

model weight 

incremental  change 

p i t c h  angle  

The bas i c  system used frequency modulation (FM) with t h e  
c a r r i e r  frequency set  at 115 Me. Th i s  frequency i s  chosen t o  
a v o i d  broadcast  i n t e r f e rence .  The te lemetry r ece ive r  has a tuning 
r ange  of l o5  t o  140 Me and a l i n e a r  response ( t o  1 percent)  f o r  a 
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frequency dev ia t ion  t o  20.5 Me. The modulation of t h e  c a r r i e r  
frequency i s  produced by a c c e l e r a t i o n  a c t i n g  upon a c a p a c i t i v e  
accelerometer l oca t ed  i n  t h e  tuned c i r c u i t  of t h e  c a r r i e r  o s c i l -  
l a t o r .  The incremental  change i n  t h e  accelerometer capaci tance 
i s  designed t o  provide a frequency dev ia t ion  wi th in  kO.5  Me f o r  
t h e  maximum a c c e l e r a t i o n  expected. The r e s u l t i n g  l i n e a r i t y  of t h e  
system, including t h e  accelerometer,  w a s  es t imated t o  be  w i th in  
3 percent .  
erometer fol low with emphasis given t o  t h e  design, construct ion,  
and c a l i b r a t i o n  of t h e  accelerometer. 

A d e s c r i p t i o n  of t h e  t e l eme t ry  c i r c u i t  and t h e  a c c e l -  

Telemetry C i r c u i t  

Both drag and p i t ch ing  te lemetry use t h e  c i r c u i t  shown i n  
f i g u r e  1, with t h e  p i t c h i n g  t e l eme te r  modified t o  account f o r  t h e  
a d d i t i o n a l  capaci tance of a second accelerometer connected i n  p a r -  
a l l e l .  The c i r c u i t  c o n s i s t s  of a simple t r a n s i s t o r i z e d  C o l p i t t s  
o s c i l l a t o r .  
r e s u l t s  i n  a frequency s t a b i l i t y  of about 10 kc p e r  degree 
cen t ig rade .  Th i s  s t a b i l i t y  can be s u b s t a n t i a l l y  improved when it 
i s  convenient t o  make t h e  c e l l  capaci tance l a r g e  compared t o  t h e  
co l l ec to r - to -base  capaci tance of t h e  t r a n s i s t o r .  
t h a n  20 hours of s e r v i c e  i s  suppl ied by t w o ,  1 .3-V mercury c e l l s .  
The inductance of t h e  ,tuned c i r c u i t  provides a n  adequate antenna 
for  coupling power t o  t h e  s ingle- loop r e c e i v e r  antenna mounted on 
t h e  t u n n e l  window. 

The temperature compensation provided by t h e  the rmis to r  

Power for b e t t e r  

Acceler omet er 

The c a p a c i t i v e  accelerometer, i l l u s t r a t e d  i n  f i g u r e  2, i s  
s i m i l a r  t o  t h e  c a p a c i t i v e  pressure c e l l s  previously used with t h e  
t e l eme t ry  system ( r e f .  1). The accelerometer i s  comprised of two 
p a r t s ,  a base and a metal  cap. 
merc i a l ly  a v a i l a b l e  e l e c t r i c a l  feed-through of high vacuum q u a l i t y .  
The diaphragm i s  made a n  i n t e g r a l  p a r t  of t h e  base by spot-welding 
it onto t h e  c y l i n d r i c a l  r i m  of t h e  base. To complete t h e  assembly, 
t h e  metal cap i s  soldered on t h e  base so  t h a t  atmospheric p re s su re  
is  hermetical ly  s e a l e d  i n s i d e  t h e  accelerometer.  S m a l l  holes  near 
t h e  r i m  of t h e  diaphragm asswe equal  p re s su re  on each side of t h e  
diaphragm. 

The base i s  machined from a com- 

The phys ica l  parameters of mass, spr ing constant ,  and damping 
c h a r a c t e r i s t i c s  are  provided i n  a minimum of space. The seismic 
mass c o n s i s t s  of two t h i n ,  high-density d i s k s  welded t o  t h e  c e n t e r  
of  t h e  s t r e t c h e d  c i r c u l a r  diaphragm. The diaphragm provides t h e  
sp r ing  r e s t o r i n g  fo rce .  The damping i s  produced by t h e  a i r  set  i n  
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motion by t h e  mass-diaphragm displacements. 
mass, i n  response t o  acce le ra t ions  o f  t h e  case,  i s  measured as a 
small change of capaci tance between t h e  mass -diaphragm assembly 
and t h e  f i x e d  e l e c t r o d e  composed of t h e  c e n t r a l  rod  and t h e  
p l a t i n i z e d  area on t h e  g l a s s .  

The motion of t h e  

The i n i t i a l  accelerometer capacitance of approximately 6 pF 
w a s  obtained by choosing appropriate  e l e c t r o d e  spacing and diam- 
e t e r .  The incremental  capacitance change, AC, of 0.10 pF, 
r equ i r ed  f o r  t h e  s p e c i f i e d  te lemetry frequency deviat ion,  w a s  
achieved f o r  any p a r t i c u l a r  a c c e l e r a t i o n  range by s e l e c t i n g  i n  
proper p ropor t ion  t h e  values  of mass, diaphragm s t i f f n e s s ,  and 
e l e c t r o d e  spacing. 
used w a s  f l a t  wi th in  1 percent  from 0 t o  300 cps.  The damping 
of  t h e  diaphragm, which modifies t h e  frequency response, w a s  
made independent of e x t e r n a l  pressure by t h e  hermetic s e a l i n g  
of t h e  accelerometer.  The measured h y s t e r e s i s  w a s  i n  t h e  o rde r  
of 0 . 1  percent  of f u l l  s c a l e .  Temperature e f f e c t s  have been 
minimized by c a r e f u l  s e l e c t i o n  of c e l l  materials and geometry. 
The sensi t ivi ty  change with temperature i s  less than  0.04 p e r -  
cen t  p e r  degree cent igrade.  I n  view of t h e  foregoing, t h e  
accelerometers were bel ieved t o  be adequate f o r  t h e  t u n n e l  free- 
f l i g h t  test s. 

The frequency response of t h e  t r ansduce r s  

Dynamic c a l i b r a t i o n s  were made by using a l i n e a r  shaker 
c a l i b r a t o r  manufactured by Unholtz-Dickie Corp. A s  a r e s u l t  of  
the  f'requency response including 0 cps, a s t a t i c  2g check of  t h e  
system could be conveniently obtained at any t i m e  by simply 
i n v e r t i n g  t h e  accelerometer.  The use of t h e  l i n e a r  a c c e l e r a t i o n  
c a l i b r a t o r  i n  making angular a c c e l e r a t i o n  c a l i b r a t i o n s  i s  descr ibed 
i n  t h e  s e c t i o n  e n t i t l e d ,  "Pitching Motion. 

TEST RESULTS 

To demonst.rate t h e  usefulness of t h i s  accelerometer-telemetry 
technique, drag d a t a  and pi tching motion data were determined f o r  
cone models i n  f ree  f l i g h t .  

I n i t i a l  t es t s  i n  t h e  Ames 1-Foot Shock Tunnel provided 
te lemetered drag d a t a  f o r  a 3.7-inch long, 15' half-angle  cone 
model. The model was suspended, at zero angle of a t t a c k ,  i n  t h e  
t u n n e l  t es t  s e c t i o n  by f i n e  nylon th reads  which are consumed a t  
t h e  s tar t  of t h e  high temperature flow, thereby r e l e a s i n g  t h e  
model i n t o  a f r e e - f l i g h t  motion. 
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I. 

Typical  r e s u l t s  are presented i n  f i g u r e  3 f o r  t h i s  cone 
model i n  a i r  a t  a free-s t ream Mach number of 14. 
t r a c e s  of t h e  te lemetered drag a c c e l e r a t i o n  and t u n n e l  r e s e r v o i r  
p re s su re  ( d r i v i n g  p res su re )  a r e  g iven  i n  f i g u r e  3. A q u a l i t a t i v e  
comparison of t h e s e  two t r a c e s  i n d i c a t e s  t h a t  t h e  accelerometer 
responded d i r e c t l y  t o  t h e  dr iving p res su re  of t h e  tunne l  and, 
hence, t o  t h e  model drag. 

The osc i l l og raph  

The drag a c c e l e r a t i o n  da ta  of f i g u r e  3 were reduced t o  t h e  
following dimensionless form by using measured values  of t h e  d r i v -  
ing p res su re :  

where 

A f t e r  t h e  i n i t i a l  starting t r a n s i e n t s  f o r  t h e  tunnel ,  t h e s e  
normalized drag  results (see f i g .  4) are e s s e n t i a l l y  constant ,  
as expected. A nominal value of s / p t  (2.88~10-~) f o r  t h e  shock 

tunnel was used t o  determine the  cone drag c o e f f i c i e n t ,  CD, (L 0.20) 
shown i n  figure 4. CD 
agrees w i t h i n  10 percent  of unpublished data obtained a t  Ames by 
other techniques and may be explained, i n  p a r t ,  by t h e  hypersonic 
viscous drag e f f e c t s  discussed i n  r e f .  2 . )  

1 

(This somewhat high va lue  f o r  t h e  cone 

The accuracy of t h e  present measurement w a s  a f f e c t e d  p r imar i ly  
by a n  unce r t a in ty  i n  t h e  tunnel  dynamic p res su re .  However, t h e  
accelerometer-telemeter system i s  be l i eved  t o  be i n  e r r o r  by l e s s  
t han  5 percent  when measuring model drag. 
foreseeable  improvements i n  c a l i b r a t i n g  and recording techniques 
t h i s  e r r o r  can be reduced t o  less than  1 percent .  

It i s  be l i eved  t h a t  with 

Pi tching Motion 

For t h e  case  of p i t ch ing  motion, t h e  model used w a s  a 5-inch 
long, loo ha l f - ang le  cone with two accelerometers l oca t ed  as shown 
i n  f i g u r e  5. The two capac i t i ve  accelerometers of t h e  telemeter 
w e r e  of matched s e n s i t i v i t y  and connected i n  p a r a l l e l  w i th in  t h e  
c i r c u i t .  The accelerometers were mounted on t h e  model axis with 
t h e i r  o r i e n t a t i o n  reversed t o  d e t e c t  angular  a c c e l e r a t i o n .  The 
p a r a l l e l  connection of t h e  matched accelerometers and t h e i r  
r eve r sed  o r i e n t a t i o n  canceled any capaci tance changes due t o  l i n e a r  
a c c e l e r a t i o n s  common t o  both. Therefore,  t h e  te lemeter  output 



-5- 

provides a measurement of angular a c c e l e r a t i o n  only. The two 
accelerometers were spaced 2 inches a p a r t  t o  achieve t h e  des i r ed  
s e n s i t i v i t y .  The model w a s  c a r e f u l l y  balanced t o  prevent any 
r o l l i n g  motion during f r e e  f l i g h t .  

A s  previously s t a t e d ,  t h e  angular a c c e l e r a t i o n  c a l i b r a t i o n  
w a s  performed on a l i n e a r  shaker. The model w a s  mounted on t h e  
shaker w i t h  t h e  two l i n e a r  accelerometers, e l e c t r i c a l l y  connected 
i n  p a r a l l e l ,  facing i n  t h e  same d i r e c t i o n ,  and with t h e i r  d i a -  
phragms normal t o  t h e  app l i ed  acce lera t ion .  With t h i s  accelerom- 
e t e r  arrangement, t h e  capacitance changes produced by l i n e a r  
a c c e l e r a t i o n s  add and a r e  t h e  same as those  produced by accelerom- 
e t e r s  fac ing  i n  opposi te  d i rec t ions  and mounted i n  a model 
undergoing angular acce lera t ion .  

The pitching-motion t e s t s  were made i n  t h e  Ames X)-Inch 
H e l i u m  Tunnel a t  a free-s t ream Mach number of 1 5  and a free-s t ream 
dynamic p res su re  of 4 .1  ps i .  The f r e e - f l i g h t  motion of t h e  model 
w a s  achieved w i t h  a pneumatic launching device placed i n  t h e  t u n n e l  
downstream of t h e  tes t  sec t ion .  The launcher used a t  Ames ( s e e  
ref. 1) is similar t o  t h a t  developed by Dayman (ref. 3).  4 small 
wedge a t t ached  t o  a streamlined s t r u t  was pos i t i oned  i n  t h e  t u n n e l  
upstream of t h e  launcher and j u s t  above t h e  f l i g h t  path.  
model t r a v e l e d  upstream, it passed through t h e  obl ique shock wave 
produced by t h e  wedge. The r e s u l t i n g  p res su re  d i f f e r e n t i a l  across  
t h e  two  s i d e s  of t h e  model de f l ec t ed  t h e  model, producing a p i t c h -  
ing  motion. High-speed motion p i c t u r e s  were t aken  during t h e  test  
t o  provide a c o r r e l a t i o n  between t h e  model p o s i t i o n  and t e l eme te red  
a c c e l e r a t i o n  da ta .  Simultaneous r e fe rence  t iming marks on both t h e  
f i l m  and t h e  osc i l l og raph  provided synchronizat ion of t h e  two 
r e s u l t s .  

As t h e  

By i n t e g r a t i o n  of t h e  te lemetered angular a c c e l e r a t i o n  data, 
a continuous time h i s t o r y  of the angular v e l o c i t y  and t h e  angular  
p o s i t i o n  of t h e  model can b e  determined. I n  t h e  present  case it 
w a s  convenient t o  eva lua te  t h e  constants  of i n t e g r a t i o n  by using 
t h e  p i t c h  angle  and angular ve loc i ty  at maximum amplitude (where 
angular v e l o c i t y  i s  zero) a s  obtained from t h e  f i l m  record.  
F igure  6 shows a comparison o f t h e  p i t c h  angle  as determined from 
both  high-speed motion p ic tures  and t h e  te lemetered  accelerometer 
da ta .  There appears t o  be fair  agreement between t h e  r e s u l t s  of 
t h e  two methods. The i n i t i a l  discrepancy may be due t o  detuning 
of t h e  telemeter c i r c u i t  by the presence of t h e  metal shock-wave 
generator  as t h e  model passes  by. This  p o s s i b l e  detuning e f f e c t  
w i l l  be checked by making t h e  shock-wave generator  e n t i r e l y  of 
nonmetall ic mater ia l .  
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The r e s u l t s  shown i n  f i g u r e  6 i n d i c a t e  a n  amplitude of about 
k l 3 O  and a frequency of about 20 cps f o r  t h e  cone model. I f  it i s  
assumed t h a t  t h e  n a t u r a l  frequency of t h e  o s c i l l a t i o n s  i s  very nea r ly  
equal  t o  t h e  a c t u a l  frequency ( i . e . ,  damping i s  small), t hen  t h e  
pitching-moment d e r i v a t i v e ,  C%, f o r  t h i s  ca se  i s  approximately 
-0.0061 pe r  degree. This  va lue  of Cm, i s  w i t h i n  5 percent  of 
e x i s t i n g  measurements f o r  a similar loo ha l f - ang le  cone i n  helium 
and i s  a l s o  wi th in  5 percent  of t h e  va lue  determined from t h e  f i l m  
r eco rd  of t h e  p re sen t  t e s t .  (These C% r e s u l t s  were c a l c u l a t e d  
f o r  t h e  cen te r  of g r a v i t y  located on t h e  model a x i s  a t  50 percent  of 
t h e  cone l eng th  and are based on cone l eng th  and base area.)  
t h e  given model design, t h e  o s c i l l a t i o n  frequency w a s  t o o  low t o  
provide a s u f f i c i e n t  number of cycles f o r  a n  accu ra t e  determination 
of t h e  damping c o e f f i c i e n t .  

With 

CONCLUDING REMARKS 

Techniques for te lemeter ing drag o r  angular a c c e l e r a t i o n  of 
f r e e - f l i g h t  models i n  hy-personic t u n n e l  streams have been presented. 
The FM telemetry system c o n s i s t s  of  a s t anda rd  te lemetry r e c e i v e r  
and a c a p a c i t i v e  type accelerometer connected d i r e c t l y  i n  t h e  tuned 
c i r c u i t  of t h e  carrier o s c i l l a t o r .  The telemeter e l e c t r o n i c  pack- 
ages are smsU,. inexpensive, and r e a d i l y  produced. The c a p a c i t i v e  
accelerometers have prwen t o  be rugged, a p p l i c a b l e  t o  l o w  or  high g 
measurements, e a s i l y  ca l ib ra t ed ,  and of adequate l i n e a r i t y  and 
frequency response.  

Some of t h e  more obvious advantages of t e l eme t ry  over t h e  
s t anda rd  photographic techniques are: a continuous t r a c e  i s  obtained, 
data r educ t ion  and i n t e r p r e t a t i o n  are g r e a t l y  s impl i f i ed ,  and i n  most 
ca ses  t h e  pe r iod  of data a c q u i s i t i o n  i s  not l i m i t e d  t o  t h e  viewing 
area of t h e  t u n n e l  windows. 

The t y p i c a l  t e s t  r e s u l t  shown f o r  cone drag i s  i n  reasonably 
good agreement with data obtained at Ames  by o the r  techniques.  
test  and t h e  r e s u l t s  of o the r  tests, not r epor t ed  here,  have demon- 
s t r a t e d  t h e  usefulness  of t h e  given accelerometer-telemetry technique 
f o r  f r e e - f l i g h t  drag measurements. The prel iminary t e s t  r e s u l t s  f o r  
p i t c h i n g  were not completely adequate f o r  t h e  eva lua t ion  of t h e  
motion. However, they do show t h e  p o t e n t i a l  of t h e  technique 
descr ibed here.  New model designs and accelerometer arrangements are 
c u r r e n t l y  being t e s t e d  t o  provide more complete and accu ra t e  p i t c h i n g -  
motion data .  

Th i s  
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